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INTRODU C TION 
To arrive at a better understanding of the problems of 
plant and soil phosphorus relationships, a knowledge of the 
nature, conditions of formation and stability of soil phos¬ 
phorus compounds is imperative* 
It is a known fact that, when applied to soil, phospho¬ 
rus reacts with the active constituents to become fixed as 
soil phosphorus. This reaction, largely caused by the solu¬ 
bility of the phosphorus compound applied, depends also on 
the reactivity or "activity" of the soil constituents with 
which phosphorus may combine* 
Calcium is one of the "active" soil constituents* In acid 
soils, the binding power of phosphorus is ascribed by some 
investigators to the surface of the soil colloid, but more 
evidence indicates that "active" soil iron and aluminum form 
stable combinations with phosphorus* The latter view is taken 
as a working hypothesis for the present paper; if it is correct, 
then the chemistry of soil phosphorus is mainly the chemistry 
of di- and trivalent cation phosphates* Then the formation 
of soil phosphorus can be studied in connection with the 
amount of active trivalent cations in acid soils. 
The first part of this work deals with this problem of soil 
phosphorus as related to trivalent cations. The role of both 
pH, and active iron and aluminum content of various soils was 
evaluated , using soils of various origin, and rock phosphate 
as the source of phosphorus. The synthesis of soil phosphorus 
in such conditions can be followed in the laboratory only if 
-2 
techniques are available to differentiate between rock phos¬ 
phate and soil phosphate in a mixture of the two. A pre¬ 
liminary experiment was devoted to this question; if it was 
successful, it was hoped that the formation of soil phos¬ 
phorus of acid soils could be traced to the influence of both 
their pH and their active sesquioxide content. 
The characterization of soil phosphorus compounds can be 
approached by just the opposite way. Some information on 
their nature can be obtained by studying their dissociation 
into the component ions. Instead of adding phosphorus to the 
soil with its active constituents, the latter can be subtrac¬ 
ted from the soil by adequate means. If these constituents 
are responsible for binding phosphorus, then phosphorus will 
be released in the process. Such a procedure is made possi¬ 
ble by the use of complexing agents; these substances form 
soluble compounds with metals; thus they are able to sub¬ 
tract the latter from insoluble combinations in salt-split¬ 
ting reactions. Such a technique was used in the second part 
of this work to characterize the phosphorus compounds in acid 
soils and evaluate their stability. An evaluation of their 
stability is an evaluation of their availability to plants; 
therefore it was hoped that the use of complexing agents may 
provide a means of determination of the phosphorus supplying 
power of soils to plant life. 
REVIEW OF LITERATURE 
The complexity of the problem of soil phosphorus is evi¬ 
dent from the number of investigations and the diversity of 
interpretations found in the extensive literature. 
The characterization of soil phosphorus combinations has 
been approached in two different ways: 
(1) extraction of soils with various solutions, each being 
devised to dissociate a more or less definite type of phos¬ 
phorus combination. 
(2) study in vitro, under controlled conditions, of the 
reactions of phosphorus with such materials as clays, cal¬ 
cium, iron and aluminum compounds, responsible for phospho¬ 
rus fixation. 
From such studies it appears clearly that phosphorus is 
held in pedocal soils mainly by calcium, either by precipi¬ 
tation, ( 27,33 ) or by salold binding, in which phosphate 
anions form a compensating atmosphere for calcium ions around 
the colloidal surface ( 30 )♦ 
No agreement exists among soil workers as to the chemistry 
of phosphate fixation in pedalfer soils. Two main theories 
have been proposed. 
According to one theory, the phosphate anion is adsorbed 
on the soil colloii by surface forces. This process is more 
likely to occur in weak to moderately acid pedalfer soils. 
Dean and Rubins ( 13 ), describe the adsorption by the fol¬ 
lowing reaction: 
XOH + H2P04 ■— \ XH2P04 + OH 
soil surface solution soil surface solution 
This is the equation of an anion exchange reaction, although 
these authors believe that the mechanism of anion exchange is 
different from the mechanism of cation exchange* The surface 
forces may be of a chemical or a physical nature, but even 
in the former case no stoichiometric reaction is believed to 
be Involved ( 11 ). 
Demolon and Bastisse ( 14 ), stress the special nature of 
the anion exchange reactions; they distinguish between "ac¬ 
tive” and "non-active” anions; the former, such as phosphate, 
silicate, citrate, oxalate, can be held by the soil according 
to the reaction: 
. 
soil -f active anion - soil-anion + OH ~ 
The "active" anions compete between themselves in this reac¬ 
tion; the "non-active" anions take no part in such reactions; 
these authors conclude that anion exchange reactions are limit¬ 
ed to special cases. According to Kurtz et al, ( 25 ) the 
replacing abilities are related to the tendency of different 
anions, in comparison with phosphate, to form stable complexes 
with ions in the clay mineral lattices. 
These observations explain the second theory, in which the 
reaction between soil and phosphorus is visualized as a 
stoichiometric precipitation of iron and aluminum phosphates. 
Numerous investigations have pointed out the role of sesqui- 
oxides, whether free, or constituents of the clay minerals, in 
phosphorus fixation. 
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Thus according to Swenson et al, ( 46 ), the reaction in¬ 
volved is the following: 
. OH _ ^ OH 
Al(HpO)-* —-OH + H0PO4 ■ A A1(H20)3^-0H + OH 
^ \ OH ^H2P04 
G-aarder ( 20 ) has shown that an excess of trivalent ca- 
tion is necessary to precipitate all the phosphate. In their 
study of the isoelectric precipitation of colloidal phosphates 
of iron and aluminum, Mattson and Karls son ( 30 ) found the 
reaction to be influenced by the conditions of the precipita¬ 
tion, especially the pH. The pH of maximum precipitation, as 
determined by Swenson et al. ( 46 ), closely corresponds to 
the isoelectric point determined by Mattson and Karlsson. 
The latter authors differentiate the colloid-bound, i.e. the 
slightly dissociated colloidal phosphate, from the saloid-bound 
combination already mentioned and defined. These two forms of 
micellar binding are also distinguished from the extra micellar 
type of binding, in which phosphorus is precipitated outside 
the soil colloid. The effects of dilution and salt concentra¬ 
tion on soil phosphorus stability were also studied, in the 
light of the Donnan equilibrium theory ( 31 ). Thus the work 
of Mattson and his school emphasizes the complexity of the 
forms of the phosphorus combinations in soils. 
Phosphate fixation in acid soils is found to be more or less 
related to the clay content. It is generally believed that a 
rapid reaction takes place between soluble phosphorus and Fe or 
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A1 held on the surface of the clays; a slower reaction then 
occurs between phosphorus and the Fe and A1 that are part of 
the lattice structure, Sieling ( 43 ) and other authors con¬ 
clusively demonstrated the role of aluminum in phosphate 
fixation by clays# The activation of aluminum by ballmilling 
or by alkali treatment resulted in an increased combination of 
phosphorus# The reaction was similar to that obtained with 
. . > 
freshly precipitated alumina. Conversely the removal of 
alumina by acid treatment of kaolin resulted in a drastic de¬ 
crease in phosphorus fixation capacity. 
The role of clays in phosphorus fixation is complicated by 
the fact that the soil phosphorus status is also linked to the 
cation exchange properties of the clay fraction. Scarseth 
( 4l ) found that the nature of the exchangeable cations held 
to the clay was an important factor, especially in the case of 
calcium. Cook ( 9 ) related the degree of base saturation of 
soils to the stability of soil and applied phosphorus. Ungerer 
( bO ) studied the action of cation exchange on the stability 
of calcium phosphates with permutite; the following reaction 
was found to take places 
K — permutite -h Ca^PO^.^ ~—^ Ca-permutite +K3PO4 
The important point is that the stability of calcium phos¬ 
phates is influenced by clays independently of the hydrogen-ion 
effects a suspension of cation exchanger has a greater salt- 
splitting action than a solution of same pH, because the for¬ 
mer has a capacity to decrease calcium ion activity. This 
capacity to bind calcium is dependent on the exchange capaci- 
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ty, but also on the specific binding power of the exchanger 
for calcium. In soils, the surfaces of both soil colloids 
and plant roots possess cation exchange properties; the ex¬ 
tent and nature of those surfaces will affect the solubility 
of calcium phosphates in soils. 
All such studies point out the variety of factors and con¬ 
ditions which have to be taken into account in investigations 
on soil phosphorus. 
The interest of fundamental studies on the stability of 
soil phosphorus, lies both on their theoretical implications 
and on the application of such studies in the field of soil 
fertility. It has been long known that applied and native 
phosphorus are more soluble in the presence of organic matter 
or silicates. This fact is now explained on the basis of 
the competition between phosphorus, and organic or silicic 
anions, to form stable compounds with iron and aluminum as well 
as with calcium. Swenson et al. ( 46 ) conclusively showed 
that the precipitation of phosphate by sesquioxides is pre¬ 
vented by those organic anions which form stable iron and 
aluminum complexes. 
Struthers and Sieling ( 45 ) studied the influence of pH 
on the complexing reaction and the relative efficiency of dif¬ 
ferent organic anions; the order of efficiency was generally 
the same for iron and aluminum; citrate, tartrate, oxalate, 
malate, malonate, were found to be most effective. Dalton et 
al.9 ( 10 ) studied the influence of decomposing organic sub¬ 
stances on phosphate availability; sugars,- starch and pectins 
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showed positive results in that respect; it was concluded 
that organic anions were released in their microbiological 
decomposition. 
More recent investigations in the same line ( 2 ) showed 
that organic complexes are equally effective in dissociating 
calcium phosphates. The role of organic matter in the 
solubilization of calcium phosphates has been previously as¬ 
cribed to the hydrogen-ion effect of tne released carbon dio¬ 
xide or organic acids ( 48 ). It seems safe to ascribe a sub¬ 
stantial part of the solubilizing effect to the formation of 
stable organic calcium complexes. Thus most of the organic 
acids or salts which are known to be present in soils ( 51 ) 
affect the solubility of the main forms of soil phosphorus. 
Resides this effect, the microbiological activity in soils 
also results in the formation of organic phosphorus compounds. 
The nature and properties of these compounds are not fully 
understood as yet ( 16 ), although they are known to consti¬ 
tute from 10 to 50$ of the total soil phosphorus. 
The degree of solubility of soil phosphates is a measure 
of the phosphorus availability to plant life. Numerous methods 
have been proposed to assess the phosphorus fertility level of 
soils. Their diversity is an indication of the difficulty of 
devising an adequate method applicable in all cases. 
The development of any such method is necessarily based on 
a hypothesis concerning the nature and the stability of the 
different forms of soil phosphorus combinations. 
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The availability of easily acid-soluble forms nas been 
ascribed to the ability of the plants to feed on them, 
through the evolution of CC^by the roots in the respiration 
process ( 48 ). An extracting solution is then devised to 
imitate the action of plant roots. Truog ( 48 ) used a dilute 
sulfuric acid solution buffered to pH 3; this solution ap¬ 
proximates the hydrogen-ion concentration of a saturated 
solution of carbonic acid. The soil is shaken in the solu¬ 
tion: for a standard period of time, with a standard soil: solu¬ 
tion ratio; phosphorus is determined colorimetrically after 
filtration. This Is the general procedure used in extrac¬ 
tions designed to determine phosphorus availability. However, 
in the case of Truog1s extracting solution, such difficultly 
available sources of phosphorus as fluoroapatite are largely 
solubilized, pointing to an inadequacy of the method. 
Another approach consists in a fractionation of soil phos¬ 
phorus in different combinations, each being solubilized by 
a specific reagent, and being believed to have a specific 
availability to plants. 
A 0.03 N' solution of ammonium fluoride devised by Bray 
and Dickman ( 7 ) is widely used; this solution is assumed 
to displace phosphorus “adsorbed11 on the soil surface in an 
easily available form. Another solution containing the same 
fluoride concentration, but more strongly acid, is believed 
to extract both the adsorbed and easily-acid soluble forms 
of phosphorus. 
The specific availability is tested by a correlation of 
the amount of each form extracted to plant response ( 6 ). 
Bray’s ammonium fluoride ( 7 ), and, more recently, sodium 
bicarbonate ( 36 ) nave been reported to give the best cor¬ 
relations • 
Plant response is conveniently evaluated in terms of per¬ 
cent yield defined by; 
% yield — yield without phosphate fertilizer X 100 
yield with adequate phosphate fertilizer 
However plants differ in their relative abilities to use 
phosphorus from different combinations. The roots of each 
plant species have a specific bonding energy for calcium or 
other cations which enter into the different soil phosphorus 
combinations; for instance the roots of legumes have a large 
bonding energy for calcium; therefore legumes can split cal¬ 
cium phosphates more readily and feed more easily on them.* 
Thus the correlation between plant response, and any method 
of extraction, is of value only if the percent yields do not 
differ significantly for different plants. Plant response 
is also difficult to evaluate in the field where such factors 
as moisture are difficult to control ( 12 ). 
The most recent approach to the problem of evaluating the 
phosphorus fertility level of soils makes use of radioactive 
phosphorus. Fried and Dean ( 18 ) evaluate the availability 
of soil phosphorus relative to the availability of applied 
phosphorus; to that effect they measure the percentage of pho 
phorus in the plant tissue derived from the fertilizer con¬ 
taining radioactive phosphorus. The *AW value based on 
* Personal communication by Dr. Mack Drake. 
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this principle has been used to test and compare different 
chemical methods ( 44 ). However, it is assumed that no 
reaction takes place between the fertilizer and the soil. 
Strzemienski ( 47 ) found that the isotopic exchange tak¬ 
ing place between applied phosphorus and soil phosphorus 
/ 
resulted in a decrease of the radioactivity of applied phos¬ 
phorus* This isotopic dilution results in a difficulty to 
evaluate correctly experiments using radioactive phosphorus. 
The concept of availability is different from the concept 
of supplying power* Wiklander ( 52 ) states that the avail¬ 
ability is only an intensity factor; this is one of the fac¬ 
tors which determine the total availability or supplying 
power, i.e* the amount of an ion that is released by unit 
time. The other factors are the ease of defixation and the 
capacity factor, i.e. the amount of the soil reserve. 
Prince et al. ( 39 ) studied the phosphorus supplying 
power of New Jersey soils as the ability of these soils to 
maintain an adequate supply of available phosphorus from the 
natural reserves. This concept, therefore, does not differ 
from the concept of the buffering capacity of soils and col¬ 
loids as developed by Marshall ( 28 ) for cations. A soil 
with a high buffering capacity for phosphorus will be able 
to supply a constant concentration of this element. 
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PART I. EFFECT OF pH AND ACTIVE SESQUIOXIDE CONTENT OF ACID 
SOILS ON THE FORMATION OF SOIL PHOSPHORUS FROM APPLIED ROCK 
PHOSPHATE. 
The reaction of soluble forms of phosphorus with acid soils 
has been conclusively related to the amount of "active" ses- 
quioxides. DemoIon et al ( 15 ) found a direct relation be¬ 
tween the amount of free iron oxide, as precipitated with 
HgS and redissolved by dilute HC1, and the fixation of super¬ 
phosphates. G-hani and Islam ( 21 ) stated that 90% of the 
fixed phosphate, resulting from phosphorus application, were 
recovered as iron and aluminum phosphates. With a very in¬ 
soluble source of phosphorus, such as rock phosphate, the 
interpretation of the results is more difficult. In some 
soils, as shown by plant response, rock phosphate compares 
favorably with superphosphate; this indicates a similar trans¬ 
formation of both sources of phosphorus into the same forms 
of soil phosphorus. In many cases rock phosphate is not so 
' . • * - • •... . . . ;v • ;• • ■* . - v- 
effective. The reactivity of applied phosphorus with the 
soil is thus conditioned by its solubility. The pH of the 
soil, by Influencing both the solubility o.Trock phosphate 
and the "activity" of iron and aluminum, influences the reac¬ 
tion of rock phosphate in soils. From a systematic study 
Joos and Black ( 24 ) arrived at this conclusion, but they 
added; "in addition to the pH-solubility factor there may be 
a reaction of the dissolved phosphate with the soil, and also 
a reaction between some dissolved soil constituent and the 
surface of the phosphate rock.” They are of the opinion that 
the "driving force is probably the difference in activity of 
phosphate in equilibrium with the phosphate rock and 
-13 - 
phosphate ih equilibrium with soil.” 
It appears that, in the absence of root systems, both ac¬ 
tive sesquioxide content and pH must be the main factors in 
the transformation of rock phosphate into soil phosphorus. 
The purpose of the first part of this work is to test the 
relative influence of these two factors. 
The transformation of rock phosphate into soil iron and 
aluminum phosphates is studied in incubations of mixtures of 
soil and rock phosphate. Soils of various pH and active ses¬ 
quioxide content are used. But a preliminary experiment was 
necessary to test the effectiveness of different extracting 
solutions in differentiating rock phosphate from soil phos¬ 
phates. 
A. Preliminary Experiment. 
Different extracting solutions reported in the literature 
are believed to dissociate definite soil phosphorus compounds: 
Truog's ( 48 ) 0.002 N HgSO^ solution at pH 3 solubilizes al¬ 
kaline-earth phosphates, but also some iron and aluminum phos¬ 
phates. Bray*s ( 7 ) 0.03 N NH4F is believed to displace the 
adsorbed phosphorus. However, Turner and Ric© ( 49 ) showed 
that the solubilization of phosphorus by ammonium flurolde was 
linked to the formation of a fluoro-aluminum complex; therefore 
Bray*s solution extracts mainly aluminum phosphate, and little 
iron phosphate, as shown also by the work of Swenson et al 
( 46 ). 
Sodium carbonate as used by Joos and Black ( 24 ) is known 
to hydrolyze iron and aluminum phosphates. 0.1 gram samples 
I 
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of variscite (aluminum phosphate) and strengite (iron phos¬ 
phate) synthesized, in this laboratory three years ago, were 
shaken for thirty minutes with 20 ml of 10% NaCO^j^O. In 
the case of strengite, a rust-colored cloudy suspension was 
observed immediately after addition of the solution* The 
phosphorus determined in the supernatant liquid, after cen¬ 
trifuging, was 6.62b gms per 100 gms of strengite, and 8*750 
gms per 100 gms of variscite* In another experiment, 0*1 gram 
of rock phosphate, mixed with 25 ml of 5% Na^CO-^for 15 mi¬ 
nutes, yielded 85 mg per 100 gms. Although this figure is not 
comparable with the former due to different conditions of ex¬ 
traction, it is obvious that iron and aluminum phosphates are 
more readily dissociated by Fa2C0^ than the calcium-phospho¬ 
rus combination of rock phosphate. 
Materials and methods. 
A Merrimac fine sandy loam, passed through a 2 mm. sieve, 
was used in this experiment. Its pH was 4.88. The phosphorus 
fixation capacity was determined by the method of Bass and 
Siellng ( 3 ). This method gives the amount of active iron 
and aluminum as extracted by citric acid and precipitated as 
phosphates. The value was found to be equivalent to 25 milli¬ 
moles per 100 gms of soil. 
The soil was mixed with the following levels of rock phos¬ 
phate; 0, 0.5, 2 and 10 mgms per gms of soil, corresponding 
to 0, 0.5, 2 and 10 tons per acre — 6 inches respectively. 
The source of phosphorus was a Tennessee brown rock phos¬ 
phate passing through a 60 mesh screen and containing 13.4^ 
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phosphorus. 200 gins of the mixtures were placed in tumblers 
covered with watch glasses and kept at constant moisture and 
at room temperature. This procedure will be termed as incuba¬ 
tion in this paper. 
Samples from the mixtures were extracted before incubation, 
then after 2 and 6 weeks. 
The extracting procedures were as follows: 
Truog’s extracting solution ( 48 );0.002 N H2S04 buffered 
to pH 3 by the addition of 3 grams of (NH4)2S04 per liter. 1 g 
of soil shaken for 1 hour with 100 ml of solution. 
Bray’s adsorbed phosphorus ( 67 ): 0.03 N NH4F in 0.025 N 
HC1. 2 grams of soil shaken for 1 minute with 20 ml of solu¬ 
tion. 
l#5j£ NagCO-j, as used by Joos and Black ( 24 ). 1 gm of soil 
shaken for 1 hour with 100 ml of solution. 
In all cases the suspensions were filtered after shaking 
through Whatman No. 1 filter paper, the first turbid liquid 
coming through being discarded. Aliquots of the colored so¬ 
lutions obtained with NH4F and Na2CO^ were digested with per¬ 
chloric acid. In the case of NH4F extracts, this digestion al¬ 
so removed the fluoride which interferes in the phosphorus de¬ 
termination. Phosphorus was determined by the method of Sher¬ 
man ( 42 ). The H2S04 extracts were clear, and phosphorus was 
determined directly by Thuog’s stannous chloride method ( 48 ) 
Results and Discussion. 
The results of the extractions are reported in Figure I. 
For all extracting solutions the phosphorus extracted with 
-16- 
time of Incubation increased with, the rate of application 
of rock phosphate. The trends of the curves in fmet ion of 
time differentiate the extracting solutions as follows: 
(a) the easily-acid soluble phosphorus determined by 
Truog*s method increases with an increase in the rate of rock 
phosphate application at zero time of incubation; therefore 
rock phosphate is solubilized by this solution. The values for 
untreated soil are very low. The incubation results in a de¬ 
crease in phosphorus extracted in function of time; therefore 
a portion of the phosphorus from the rock phosphate is progre¬ 
ssively transformed into another combination which is less 
affected by Truog*s extracting solution. 
(b) both ammonium fluoride and sodium carbonate 3how a 
similar trend. The addition of rock-phosphate results in lit¬ 
tle change in amounts of phosphorus extracted from the non- 
incubated soils; therefore rock-phosphate is but slightly so¬ 
lubilized by the two solutions. But a substantial increase 
in the amounts of phosphorus extracted occurs when the soils 
are incubated. These solutions make it possible to detect the 
changes In phosphorus status from rock phosphate into soil 
phosphates; the evidence indicates that this increase corres¬ 
ponds to the formation of iron and aluminum phosphates. 
It is obvious that the extractions give no information as 
to the absolute amounts of iron and aluminum phosphates for¬ 
med. However, the relative increases or decreases indicated 
by each of these methods can be used for a comparison of dif¬ 
ferent soils. This is the object of the next experiment. 
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Figure 1. Phosphorus extracted from a Merrimac fine sandy 
loam in function of time of incubation with varying amounts 
of rock phosphate. 
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B. Comparison of soils of different pH and phosphorus fixa¬ 
tion capacities. 
Materials and methods. 
Twenty soils, previously studied by Bass and Sieling (3) 
were used. They were divided into four groups corresponding 
to four different pH groups. Bass and Sieling determined the 
total fixation capacity of these soils by the method they devi¬ 
sed. The degree of saturation of the total phosphorus fixa¬ 
tion capacity was evaluated, in connection with the present 
study, by determining the amount of phosphorus present in the 
citric acid extracts, and expressing it as percentage of the 
total fixation capacity. The procedure was as follows: 
4 gms of soil were mixed with 15 ml of 0.5 M citric acid; the 
mixture was digested in a boiling water bath for one hour with 
periodic Stirling. The solution was filtered through No. 40 
Whatman filter paper, followed by washing with hot water, and 
made to volume. An aliquot was taken for phosphorus determina¬ 
tion by Sherman*s method after perchloric acid digestion. 
The moisture equivalent was determined in order to main¬ 
tain an adequate moisture control. A highly significative 
correlation of 0.75*3 was found between moisture equivalent 
and phosphorus fixation capacity. This relation has already 
been pointed out by Neller and Comar ( 35 ), and probably 
can be accounted for by the fact that both values are, to a 
certain degree, related to the clay and the organic matter 
content. 
The different soil characteristics are recorded in Table I. 
The source of phosphorus was a Tennessee brown rock phos- 
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TABLE 1 
Character!sties of the soils used for the incubation. 
Soil type pH* Phosphorus Degree Moisture 
fixing oa- of P. sa- equivalent 
pacity* turation 
Colts Neck sandy loam 4.3 
Alamanoe 4.3 
Blandford loam 4.2 
Caribou loam 4.1 
Cecil silty clay loam 4.6 
Eutaw clay 4.4 
Norfolk loamy sand 4.6 
Berkshire sandy loam 4.6 
Caribou loam 4.6 
Cecil 5.3 
Suffield silty 16am 5.2 
Caribou loam 5.2 
Caribou loam 5.2 
Agawam fine sandy loam 5.3 
Cecil clay loam 5.8 
Becket stony loam 5.8 
Buxton sandy loam 5.6 
Bangor loam 5.6 
Norfolk sandy loam 5.6 
Agawam fine sand 5.5 
12.9 0.93 8.4 
7.2 3.88 13.0 
47.1 4.26 18.3 
35.8 8.99 18.7 
12.4 0.89 15.9 
29.6 1.07 26.2 
7.7 3.60 6.4 
44.6 4.59 21.3 
34.3 9.49 29.4 
12.9 0.31 24.8 
46.6 2.69 31.8 
38.0 6.35 17.6 
44.4 7.27 20.2 
29.6 12.30 19.7 
20.1 1.90 14.2 
81.4 4.95 36.4 
48.2 5.85 26.6 
39.9 *8.07 17.6 
4.7 8.50 6.2 
8.8 16.00 2.4 
* Data of Bass and Sieling ( 3 ) 
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phate, passing through a 60 mesh screen and containing 13.4$ 
phosphorus. 
Each soil was treated with four levels of rock phosphate: 
0, i, 2 and 10 tons of rock phosphate per acre - 6 inches. 
Portions of 100 grams of soil, passing through a 2 mm screen 
were thoroughly mixed with the corresponding quantities of 0, 
1, 2 and 10 grams of rock phosphate. There was no replication 
of the treatments. 
The soil-rock phosphate mixtures were placed in 130 ml 
beakers covered with watch glasses, and kept slightly above the 
moisture equivalent. This permitted the reactions between soil 
and rock phosphate to take place. 
Samples were taken before incubation, then after 4 days, 
2, 7, and 2( weeks. These intervals are regularly spaced on 
a logarithmic scale. The extracting solutions were used as 
in the preliminary experiment, but, for more convenience in 
the routine procedure, the times of shaking were increased to 
one minute for Bray’s method, and one hour for and 
H2SO4 extractions. The extractions were done in duplicate. 
Results and Discussion. 
The values of phosphorus extracted after different times of 
incubation with the three different methods are reported in 
Tables 2, 3 and 4. 
(a) Comparison of different extracting solutions. 
The trends already noted for the preliminary experiment are 
also apparent here. For the untreated soils before incubation, 
the correlation of the values of phosphorus extracted by dif¬ 
ferent methods are reported in Table 5. The coefficient of 
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correlation between NH4F and NagCO^ is 0*835. Moreover, the 
quantities of phosphorus, obtained in the citric acid diges¬ 
tion in order to determine the % saturation of the fixation 
capacity, are related to the Wa2CO^and NH4F extractions. The 
correlation coefficients in this case are 0.941, and 0.680 
respectively. 
From these correlations, it is believed that the three re¬ 
agents extract the same forms of soil phosphorus. There is 
strong evidence that the fraction extracted is mostly iron 
and aluminum phosphates. 
This is true especially for N3.2GO3 and citric acid, both of 
whicn affect the stability of iron and aluminum phosphates; 
NH4F complexes only aluminum; this would explain the smaller 
correlation coefficient 0.835 between NH4F and Na^O^, and the 
still smaller coefficient 0.680 between NH4F and citric acid; 
in effect Na2G0^ hydrolyzes aluminum phosphates more readily 
than iron phosphates. Moreover the action of citric acid and 
Na20C^ is more drastic than the action of NH4F. The similar 
trend between the NH4F and Na2C0^ extractions for the treated 
soils, in function of time, strengthens the view that these 
solutions have a similar action on soil phosphorus. 
However, Bray and Dickman ( 7 ) reported a decrease in phos¬ 
phorus extracted by NH4F from its combination with soil clay, 
whenever the combination of phosphorus with clay was increas¬ 
ed by an increase in time of contact, temperature, or con¬ 
centration of phosphorus added. These factors seem to induce 
the formation of a more insoluble compound, difficulty dis- 
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TA.3LE 2a 
Phosphorus extracted by ammonium fluoride as a function of 
time of incubation and rock phosphate application. 
Soils No rock phosphate 
pH Phosphorus % 0 4 2 7 27 
fixation sat. days weeks weeks weeks 
capacity mgms. P extracted per 100 gms. soil 
4.3 12.9 0.93 0.7 
4.3 7.2 3.88 3.0 
4.2 47.1 4.26 1; 2 
4.1 35.8 8.99 17.7 
4.6 12.4 0.89 1.0 
4.4 20.6 1.07 1.0 
4.6 7.7 3.60 5.2 
4.6 44.6 4.50 4.7 
4.6 34.3 9.40 17.0 
5.3 12.9 0.31 0.2 
5.2 46.6 2.60 2.5 
5.2 38.0 6.35 9.2 
5.2 44.4 7.25 14.5 
5.3 29.6 12.30 28.2 
5.8 20.1 1.90 2.5 
5.8 81.4 4.95 4.0 
5.6 48.2 5.85 7.5 
5.6 39.9 8.07 14.5 
5.6 4.7 8.50 5.0 
5.5 8.8 16.00 18.0 
1.0 1.0 0.5 0.5 
3.5 3.5 3.0 2.5 
2.0 1.5 1.0 1.5 
29.0 18.5 16.5 18.0 
1.5 1.0 1.0 1.0 
1.0 1.0 1.0 1.0 
5.0 * 5.5 5.0 5.0 
5.0 5.0 3.5 5.0 
17.0 17.5 17.0 17.0 
0.2 0.2 0.2 0.2 
2.5 2.5 2.0 2.5 
9.5 10.0 9.0 10.0 
15.0 15.5 14.5 16.0 
29.5 29.5 28.5 30.0 
3.0 3.0 2.5 2.5 
7.0 6.5 6.0 4.5 
6.0 7.5 7.0 8.0 
16.0 15.5 14.5 15.5 
5.5 5.5 5.0 5.0 
21.5 20.0 17.0 29.5 
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TABLE 2b 
Phosohorus extracted by ammonium fluoride as a function of 
time of incubation and rock phosphate application. 
Soils 1,000 lbs. ro ck phosphate 
pH phosphorus 
fixation 
if 
•0 
satu- 
0 4 
days 
2 
weeks 
7 
weeks 
27 
weeks 
capacity ration mgms . P extracted per 100 gms. soil 
4.3 12.9 0.93 1.5 1.5 1.9 1.5 1.5 
4.3 7.2 3.88 4.0 4.0 4.0 4.0 4.5 
4.2 47.1 4.26 1.5 1.5 2. 0 1.5 1.5 
4.1 35.8 8.99 18.0 18.5 19.9 19.0 18.5 
4.6 12.4 0.89 1.5 2.0 2.5 2.5 2.5 
4.4 20.6 1.07 1.0 2.0 2.0 1.5 2.0 
4.6 7.7 3.60 6.5 7.0 7.5 8.0 8.0 
4.6 44 • 6 * 4.50 5.0 5.0 5.0 5.0 5.0 
4.6 34.3 9.4 0 17.5 17.5 17.5 17.5 17.5 
3.3 12.9 0.31 0.2 0.5 0.2 0.5 0.2 
5.2 46.6 2.60 2.5 3.0 2.5 2.5 2.5 
5.2 38.0 6.35 10.0 10.0 9.5 9.5 10.0 
5.2 44.4 7.25 15.5 15.5 15.5 15.0 16.0 
5.3 29.6 13.30 30.0 31.5 30.5 29.5 30.0 
5. b 20.1 1.90 3.0 3.0 3.0 2.5 2.5 
5. b 81.4 4.95 4.0 7.0 7.0 5.5 6.5 
5.6 48.2 5.85 8.0 8.0 8.0 7.5 8.0 
5.6 39.9 8.07 16.0 15.5 15.0 14.5 15.0 
5.6 4.7 8.50 5.0 5.5 5.0 5.5 7.0 
5.5 8.8 16.00 19.5 19.5 19.5 18.0 20*5 
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TABLE 2o 
Phosphorus extracted by ammonium fluoride as a function of 
time of inoubation and rook phosphate applioation. 
Soils 4,0001bs. rook phosphate 
pH Phosphorus % 0 4 2 7 27 
fixation satu- days weeks weeks weeks 
oapaoity ra tion mgms . P extracted per 100 gms. i 
4.3 12.9 0.93 1.5 2.5 3.0. 2.0 2.5 
4.3 7.2 3.888 5.5 7.0 5.5 5.5 6.5 
4.2 47.1 4.26 2.0 2.0 2.0 2.5 2.0 
4.1 35.8 8.99 19.5 20.5 20.0 21.0 20.5 
4.6 12.4 0.89 2.0 3.5 3.5 5.0 5.5 
4.4 20.6 1.07 1.5 5.0 6.0 5.5 5.0 
4.6 7.7 3.60 8.0 9.0 7.5 9.5 10.0 
4.6 44.6 4.50 4.7 5.5 5.0 4.5 5.5 
4.6 34.3 9.40 18.0 18.5 . 17.5 18.0 18.5 
5.3 12.9 0.31 0.2 1.0 1.0 0.5 1.0 
5.2 46.6 2.60 3.0 3.5 3.0 3.0 4.5 
5.2 38.0 6.35 10.0 10.0 9.5 9.5 10.5 
5.2 44.4 7.25 16.0 15.5 14.0 15.5 17.0 
5.3 29.6 12.30 30.5 30.0 29 15 29.5 31.0 
5.8 20.1 1.90 3.0 3.5 2.5 3.0 2.0 
5.8 81.4 4.95 5.0 8.0 7.0 7.0 6.0 
5.6 48.2 5.85 8.0 8.0 7.5 8.0 8.5 
5.6 39.9 8.07 17.0 15.0 14.5 14.5 15.0 
5.6 4.7 8.50 5.5 5.5 5.5 5.5 8.0 
5.7 8.8 16.00 22.0 22.5 18.0 18.0 22.0 
O K _ 
tabls 2d 
Phosphorus extracted by ammonium fluoride as a function of 
time of intubation and rock nhosphate application. 
Soils 20,000 lbs rook phosphate 
PH Phosphorus 
fixation 
capaoity 
To 
satu¬ 
ration 
0 
4.3 12.9 0.93 
mprms 
2.5 
4.3 7.2 3.88 5.5 
4.2 47.1 4.26 1.5 
4.1 35.8 8.99 19.2 
4.6 12.4 0.89 2.2 
4 .4 20.6 1 .07 2.2 
4.6 7.7 3.60 7.5 
4.6 44.6 4.40 4 . 7 
4.6 34.3 9.40 17.2 
5.3 12.9 0.31 01.2 
5.2 4 6.6 2.60 3.0 
5.2 38.0 6.35 10.0 
5.2 44.4 7.25 15.0 
5.3 29.6 12.30 29.0 
5.8 20.1 1.90 3.0 
5.8 81.4 4 . ;; 5 4.7 
5.6 48.2 5.85 8.0 
5.6 39.9 8.07 16.0 
5.6 4.7 8.50 7.5 
5.5 8.8 16.00 21.2 
4 2 7 27 
days weeks weeks weeks 
P. extracted per 100 gms. so 
5.5 5.0 5.2 6.5 
12. 0 8.0 8.2 9.5 
3.0 3.0 2.5 3. 0 
24.5 23.0 25.0 24.5 
7.0 7.0 7.0 8.0 
11.0 10.5 12.2 16.0 
14.5 11.5 11.0 16.0 
5.5 6. 1 6.0 6.0 
19.5 19.5 19.5 21.5 
1.0 1.0 1.5 2. 0 
4.0 3. 1 3.5 5.0 
12.0 11.5 11.5 13.0 
17.0 15.0 15.0 17.0 
32.0 30.0 30.2 35.5 
3.5 3. 0 2.7 5.0 
8.5 9.5 8.7 9.5 
8.5 8.0 8.2 10. ) 
17.0 15.5 15.2 16.5 
8.0 6.0 6.0 9.5 
27.5 21.5 19.7 24.5 
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TABLE 3a 
Phosphorus extracted by sodium carbonate as a function of 
time of incubation and rock phosphate application* 
Soils No rock phosphate 
pH Phosphorus % 0 4 2 7 2 7 
fixation satura- days weeks weeks weeks 
capacity tion 
merms. P extracted per 100 R-ms.soil 
4.3 12.9 0.93 7.5 6.0 6.5 5.5 8.0 
4.3 7.2 3.88 7.0 6.0 7.0 6.9 8.0 
4.2 47.1 4.26 16.0 16.0 16.0 16.0 18.0 
4.1 .35.8 8.99 60.0 56.5 58.5 56.5 62.0 
4.6 12.4 0.89 5.5 5.0 4.5 5.0 6.0 
4.4 20.6 1.07 7.5 7.5 7.5 7.5 9.0 
4.6 7.7 3.60 11.0 10.0 9.5 10. 5 11.0 
4.6 44.6 4.50 32.0 31.0 ‘31.5 31.5 29*0 
4.6 34.3 9.40 52.5 53.0 52.0 51.5 54.0 
5.3 12.9 0.31 2.0 2.0 2.0 2.0 2.0 
5.2 46.6 2.60 12.5 13.0 12.5 12.5 15.0 
5.2 
o
 
•
 
00
 
r<2
 6.35 34.5 33. 0 31.0 29.5 35.0 
5.2 44.4 7.25 50.0 46.5 44.0 46.5 49.0 
5.3 29.6 12.30 63.0 61.0 60.0 61.0 64.0 
5.8 20.1 1.90 10.0 10.0 10.0 9.5 10.0 
5.8 81.4 4.95 48.5 76.5 81.5 73.0 70.0 
5.6 48.2 5.85 30.5 29.5 29.5 28.0 31.0 
5.6 39.9 8.07 48.5 47.0 4 5.5 45.0 49.0 
5.6 4.7 8.50 12.5 12.0 11.5 12.0 13.0 
5.5 8.8 16.00 26.5 25.5 23.5 24.0 24.0 
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TA.BL?, 3b 
Phosphorus extracted by sodium carbonate as a function of 
time of incubation and rock phosohate application. 
Soils 1,000 lbs. ro ck phosphate 
pH Phosphorus •/ 0 0 4 2 7 27 
fixation satura- days weeks weeks weeks 
capacity t ion 
m£ms. P extracted per 100 gms. so 
4'. 3 12.9 0.93 7.5 7.5 7.0 6.5 6.0 
4.3 7.2 3.86 7.0 7.5 8.6 6.0 8.0 
4.2 47.1 4.26 16.0 17.0 16.0 16.0 16.0 
4.1 35.6 6.99 60.0 60.0 57.0 58.0 61.0 
4.6 12.4 0.69 5.5 7.0 7.5 10.0 9.0 
4.4 20.6 1.07 7.5 11.0 10.5 12.0 12.0 
4.6 7.7 3.60 11.0 11.5 11.0 12.0 14.0 
4.6 44.6 4.50 32.0 30.5 30.5 29.5 33.0 
4.6 34.3 9.4 0 52.5 52.5 51.0 54.0 53.0 
5.3 12.9 0.31 2.0 4.0 3.0 3.0 5.0 
5.2 46.0 2.60 12.5 1 3.5 13.0 13.5 15.0 
5.2 38.0 6.35 34.5 32.0 32.0 32.0 35.0 
5.2 44 .4 7.25 50.0 47.5 47.0 47.0 49. 0 
5.3- 29.6 12.30 63.0 64.5 60.5 61.5 64.0 
5.6 20.1 1.90 10.0 9.0 9.5 8.0 10.9 
5.6 81.4 4.95 46.5 76.5 71.5 73.5 76.0 
5.6 4 8.2 5.65 30.5 29.5 26.5 26.0 32.0 
5.6 39.9 6.0 y 46.5 45.5 40.5 4 0.5 46.0 
5.6 4.7 8.50 12.5 12.0 12.0 11.0 16.0 
5.5 8.6 16.00 26.5 24.0 24.5 24.0 25.0 
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TABLj tv 
Phosphorus extracted by sodium carbonate as a function of 
time of incubation and rock phosphate application. 
Soils 4,000 lbs. roc* phosphate 
PTT Phosphorus 
fixation 
o apa cit y 
if 0 
satura¬ 
tion 
0 
4 • 3 12.9 0.93 
mp-ms. 
7.5 
4.3 7.2 3.88 7.0 
4.2 47.1 4.26 16.0. 
4.1 35.8 8.99 60.0 
4.6 12.4 0.89 5.5 
4.4 20.6 1.07 7.5 
4.6 7.7 3.60 11.0 
4.6 44.6 4.50 32.0 
4.6 34.3 9.4 0 52.5 
5.3 12.9 9.31 2.9 
5.2 46.6 2.60 12.5 
5.2 38.9 6.35 54.5 
5.2 44.4 7.25 50.0 
5.3 29.6 12.30 63.0 
5. b 20.1 1.90 10.0 
5.8 81.4 4.95 48.5 
5.6 48.2 5.85 29.0 
5.6 39.9 8.07 48.5 
5.6 4.7 8.50 12.5 
5.5 8.8 16.99 26.5 
4 
days 
9 
weeks 
7 
weeks 
27 
weeks 
P extracted per 100 gms. soil 
9.0 10.0 10.5 12.0 
9.5 10.0 10.0 11.0 
018.5 17.5 18.0 21.0 
60.0 61.5 60.5 61.0 
19.9 10.5 10.5 11.0 
15.0 15.5 14.0 15.5 
12.0 11.0 14.0 16.0 
32.0 31.5 31.5 32.0 
53.0 50.5 49.5 54.0 
4.5 6.0 4.5 7.0 
14.0 13.5 12.0 16. ) 
32.0 33.0 32.0 37.0 
46.0 47.5 46.0 49.0 
63.5 60.5 61.0 61.0 
10.0 9.5 8.0 10.0 
78.5 75.0 75.0 81.0 
29.5 27.4 26.5 32.0 
45.5 43.5 44.5 44.0 
11.5 12.0 12.0 16.0 
25.0 24.0 24.5 26.9 
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TABL‘D 3d 
Phosphorus extracted by sodium carbonate as a function of 
time of incubation and rock phosphate application. 
Soils 20,000 lbs. rock phosphate 
pH Phosphorus 
fixation 
capacity 
t 
satura- 
ti on 
0 4 
days 
2 
weeks 
7 
weeks 
27 
weeks 
mgms . P extracted per 100 Rrns. soil 
4.3 12.9 0.93 8.0 12.0 11.5 13.5 14.0 
4.3 7.2 3.88 11.0 12. 0 11.0 12.5 15.0 
4.2 47.1 4.26 18.0 22.5 21.0 22.5 29.0 
4.1 35.8 8.99 64.0 71.0 61.0 65.0 67.0 
4.6 12.4 0.89 6.0 12.0 13.0 14.5 16.0 
4.4 20.6 1.07 8.0 20.0 20.0 24.0 31.0 
4.6 7.7 3.60 12.0 15.0 16.0 16.0 18.0 
4.6 44.6 4.50 32.0 34.5 33.5 36.0 39.0 
4.6 34 * 3 9.40 53.0 55.0 56.5 53.5 58.0 
5.3 12.9 0.31 4.0 8.0 7.0 8.0 • 11.0 
5.2 46.6 2.60 15.0 16.0 14.0 15.5 18.0 
5.2 38.0 6.35 33.0 36.5 33.0 35.5 39.0 
5.2 44.4 7.25 49.0 49.0 46.5 47.5 50.0 
5.3 29.6 12.30 61.0 66.0 61.5 63.0 69.0 
5.8 20.1 1.90 10.0 10.5 6.0 9.0 12.0 
5.8 81.4 4.95 60. 0 95.5 82.5 87.5 103.0 
5.6 48.2 5.85 29.0 32.0 26.5 31.5 37.0 
5.6 39.9 8.07 46.0 48.5 41.0 45.5 51.0 
5.6 4.7 6.50 15.0 12.5 12.0 14.5 16.0 
5.5 8.6 16.00 26.0 27.5 25.0 25.0 27.0 
TABLE 4a 
Phosphorus extracted by 0.92 N sulfuric a^id as a function of 
time of intubation and rook nhosphate application. 
Soils No 
pH Phosphorus 
fixation 
capacity 
4 
a 
satura¬ 
tion 
0 
mffrns 
4.3 12. 9 0.93 0.2 
4.3 7.2 3.86 1.5 
4.2 47.1 4.26 0.3 
4.1 35.6 8.19 5.9 
4.6 12.4 0.69 0.4 
4.4 20.6 1.07 0.5 
4.6 7.7 3.60 0.6 
4.6 44 • 6 4.50 1.6 
4.6 34.3 9.4 0 5.4 
5.3 12.9 0.31 0.1 
5,2 46.6 2. bO 0.8 
5.2 36 • 0 6.35 3.1 
5.2 44.4 7.35 7.6 
5.3 29.6 12.30 7.0 
5.8 20.1 1.90 1.2 
5. 6 81.4 4.95 0.6 
5.6 48.2 5.65 2.5 
5.6 39.9 6.07 6.0 
5.6 4.7 6.50 2.0 
5.5 8.8 16.00 3.5 
rook phosphate 
4 2 7 27 
days weeks weeks weeks 
P extracted per 100 ?ms. soil 
0.2 9.2 0.2 0.1 
1.5 1.6 1.4 1.3 
0.4 0.3 0.3 0.3 
6.3 6.4 6 • 0 6.0 
0.3 0.3 0.4 0.3 
0.4 0.4 0.5 0.4 
1.1 1.1 1.0 1.1 
1.6 1.6 1.6 1.5 
5.3 5.5 5.7 6.3 
0.1 0.1 0.1 9.1 
0.9 0.0 0.8 0.9 
3.4 3.5 3.5 3.9 
6.0 5.6 5.6 5.8 
8.7 6.3 8.3 9.5 
1.2 1.3 1.2 1.1 
1.6 2.0 1.4 1.0 
2.9 2.6 2.6 3.0 
6.2 5.8 6.1 6.8 
2.1 2.0 2.0 2.2 
4.6 4.6 4.4 6.0 
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T A BL_ 4b 
Phosphorus extracted by 0.02 ^ sulfur!3 acid as a funstion of 
time of intubation and rook phosphate applioation. 
Soils 1,000 lbs. rock phos uhat e 
pH Phospi orus % 0 4 2 7 27 
fixation satu ra- days weeks weeks weeks 
capacity ti on 
tictis . P extracted per 100 gms. soil 
4.3 12.9 0.93 4.3 4.1 3.4 2.2 2.5 
4.3 7.3 3.88 7.2 7.1 6 • 6 5 • 9 6.1 
4.-2 47.1 4.26 2.0 2.0 1.6 1.6 0.9 
4.1 35.8 8.99 11.5 12.0 11.6 10.5 11.5 
4.6 12.4 0.8 9 5.0 3.5 3.0 2.1 1.6 
4.4 20.6 1.07 3.9 3.9 2.7 1.7 1.2 
4.6 7.7 3.60 7.0 6.9 6.3 4.8 5.2 
4.6 44.6 4.50 4.8 5.2 4.8 3.6 3.6 
4.6 34.3 9.40 10.1 10.9 9.2 9.4 9.7 
5.3 12.9 0.31 1.8 1.3 1.1 0.7 0.3 
5.2 46.6 2.60 5.7 6.7 6.0 5.5 5.3 
5.2 38.0 6.35 7.3 7.9 7.3 7.1 7.7 ; 
5.2 44.4 7.25 11.0 10.7 8.7 9.0 10.3 
5 a 3 29.6 12.30 12.2 13.0 13.8 12.8. 14.5 
5.8 20.1 1.90 6.2 6.8 5.6 4.7 5.1 
5.8 81.4 4.95 1 .4 3.5 3.1 2.5 2.1 
5.6 48.2 5.85 6.7 8.0 6.0 6.3 5.9 
5.6 29.9 8.07 10.8 10.9 10.2 10.2 10.9 
5.6 4.7 8.50 7.8 8.6 6.4 7.9 7.8 
5.5 8.8 16.01 10.8 11 .8 11.4 10.1 12.2 
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TABLE 43 
Phosphorus extraoted b: 0.02 sulfuric aoid as a function of 
tine of incubation and rock phosphate application. 
Soils 4,010 lbs. rock phosphate 
pH Phosphorus 
fixation 
capacity 
0 
satura¬ 
tion 
0 
mgms. 
4.3 12.9 0.93 12.7 
4.3 7.2 3.88 24.0 
4.2 47.1 4.26 17.0 
4.1 35.8 8.99 26.0 
4.6 12.4 0.89 21.1 
4 .4 20.6 1.07 23.2 
4.6 7.7 3.60 29.5 
4.6 44.6 4.50 14.7 
4.6 34.3 9.4 0 22.9 
5.3 12.9 0.31 14.7 
5.2 46.6 2.60 19.5 
5.2 36.0 6.35 20.1 
5.2 44.4 7.25 21.5 
5.3 29.6 12.30 28.7 
5.8 20.1 1.90 20.6 
5.8 81.4 4.95 7. 7 
5.6 48.2 5.84 19.5 
5.6 39.9 8.07 22.5 
5.6 4.7 8.50 23.5 
5.5 CD
 
•
 
v
X
/ 16.00 26.7 
4 2 7 27 
days weeks weeks weeks 
P extracted per 100 gins, soil 
17.1 13.5 15.6 14.2 
24.7 22.5 21.5 24.0 
13.0 10.0 7.5 7.0 
28.2 25.5 24.5 23.0 
15.4 18.6 14.1 10.5 
18. 7 22.7 9.1 4.0 
26.7 23.7 19.8 27.6 
17.7 14.6 10.7 11.8 
22.3 23.5 24.0 22.4 
9.7 8.5 8.7 7.9 
24.2 23.1 20.5 20.7 
22.7 17.9 19.6 18.2 
21.6 27.0 21.6 24.1 
28.6 28.5 27.5 29.7 
22.7 22.6 19.2 17.3 
6.7 8.2 5.3 3.9 
14.4 20.0 16.2 16.3 
24.2 24.7 24.2 23.2 
27.8 28.5 21.7 26.6 
32.6 31.1 29.0 32.5 
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TABLE 4d 
Phosphorus extracted by 0.02 sulfuric acid as a function of 
ticie of incubation and rock phosphate application . 
Soils 20,000 lbs. rock phosphate 
pH Phosphorus 
fixation 
capacity 
% 
satura¬ 
tion 
0 4 
days 
2 
weeks 
7 
weeks 
27 
weeks 
mfrms. P extracted rer 100 trrns . soil 
4.3 12.9 0.93 111. 0 111.2 117.5 77.5 109.0 
4.3 7.2 3.88 117. 5 117.5 112.5 111.2 108.7 
4.2 47.1 4.26 52. 5 61.5 56.7 42.5 42.5 
4.1 35.8 8.99 104. 0 101.2 91.2 90.0 86.2 
4.6 12.4 0.89 97. 5 115.0 96.5 81.5 91.2 
4.4 20.6 1.07 66 • 2 96.2 60.0 52.5 64 • 0 
4.6 7.7 3.60 113. 5 114.0 107.5 90.0 107.5 
4.6 44.6 4.50 65. 0 61.5 60.0 55.0 53.7 
4.6 34.3 9.40 94. 0 101.2 92.5 93.2 82.0 
5.3 
5.2 
12.9 
46.6 
0.31 
2.60 
76. 
111. 
2 
5 
87.5 
9 7.5 
76.8 
105.5 
75.0 
96.2 
75.0 
105.0 
5.2 38.0 6.35 64 • 0 107.5 9 9.0 75.6 78.7 
5.2 44.4 7.25 91. 2 93. 7 77.5 80.0 75.0 
5.3 29.6 12.30 106. 7 110.0 101.2 102.5 97.5 
5.8 20.1 1.90 90. 0 96.0 85.0 86.2 97.5 
5.8 81.4 4.95 32. 5 31.2 35.0 33.2 32.5 
5.6 48.2 5.85 81. 0 86.5 68.0 71.2 68.7 
5.6 39.9 8.07 91. 5 93.2 91.2 84.0 60.0 
5.6 4.7 8.50 116. 5 115.0 111.0 105.0 117.5 
5.5 8.8 16.00 124. 0 130.0 120.0 120.0 117.5 
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sociated by NH4F. However NagCO-^ dissolves aged iron and 
aluminum phosphates, indicating that this reagent differs 
from NH/jJ* by dissociating the more insoluble phosphate com¬ 
binations. 
In tne case of Truog's 0.002 N H2SO4, a good correlation 
is obtained with the NH^F extractions, and even with the al¬ 
kaline NagOO^ solution. Dean and Rubins ( 13 ) found a direct 
relation between Truog phosphorus and exchangeable phosphorus, 
(displaced by arsenate) in acid soils. In the special case 
of acid soils, the correlations indicate that relatively un¬ 
stable soil phosphorus combinations are dissociated by these 
extracting solutions. In soils containing insoluble calcium 
phosphate, tne reaction between Truog phosphorus and easily 
dissociated phosphorus combinations does not hold true. Thble 
4 shows the large Increases in Truog phosphorus consecutive 
to the rock phosphate additions before incubation. A correla¬ 
tion coefficient of - 0.733 is found between phospnate fixa¬ 
tion capacity and the increase in phosphorus extracted for 
the 10 tons treatment over no treatment in the case of non- 
incubatea soils. The pH of the extracting solution corres¬ 
ponds to the range of maximum activity of iron and aluminum 
in respect to phosphate precipitation; therefore a precipi¬ 
tation of the phosphorus, solubilized from rock phosphate by 
hydrogen ion, occurs during the extraction, as is already 
well known. Dean and Rubins ( 13 ) found an inverse correla¬ 
tion between Truog phosphorus and anion exchange capacity 
(which is a rough measure of the phosphorus fixation capacity). 
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Table 5 
Correlation coefficients between different methods of ex¬ 
traction of the twenty untreated non-lncubated soils. 
Correlation citric sodium ammonium sulfuric between acid carbonate fluoride acid 
0.5 M citric 
acid 
1.5/6 sodium 
carbonate 
0.03 N ammo- 
0.941** 
0.941* 0.680** 
0.835** 
0.718** 
0.868** 
nium fluoride 
0.002 N sulfu- 
0.680** 0.835** 0.942** 
ric acid 0.718** 0.868** 0 # 942** 
* significant (5# level) 
** highly significant level) 
Table 6 
Correlation of phosphorus extracted by different 
with percent saturation and phosphorus extracted 
acid digestion. Untreated non incubated soils. 
methods, 
in citric 
Correlation 
between Percent o.5 M citric acid phosphorus digestion 
saturation 
1.5# Na2C03 
0.03 N NH4F 
0.677** o # 94i«« 
0.870** 0.680** 
0.002 N H2S04 0.771** 0.718** 
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Table 6 shows that NH4F and H2SO4 extractions are better 
correlated to the degree of saturation than ^200-3. The cor¬ 
relation between Truog phosphorus and the degree of saturation 
was already noted by Dean and Rubins ( 13 ). It seems from 
these facts that degree of saturation, NH4F, and 0.002 N H2SO4 
extractable phosphorus, all give an estimation of the amount 
of easily dissociated phosphorus combination of acid soils. 
Peech ( 37 ) reported that the amount of readily soluble phos¬ 
phorus increased with the increasing degree of saturation of 
the soil with phosphate. 
(b) Influence of time of Incubation. 
By treating the data as those of a factorial experiment with 
single replication, a statistical analysis for the NH4F extrac¬ 
tion showed a highly significant effect of time, rock phos¬ 
phate additions, soils, and of the interactions. An examina¬ 
tion of the data of Tables 3 and 4 shows that the same results 
would be obtained with the two other extracting solutions. 
The effect of time is more marked on the highest rock phos¬ 
phate application, and it differs with each extracting solution. 
Figure 2 for the 10 tons application of rock phosphate shows 
similar trends in the amounts of phosphorus extracted by both 
NH4F and Na2C0-^ as compared to the trend of Truog phosphorus. 
Several investigations concur in showing that phosphorus re¬ 
acts with soils at two different rates; a rapid reaction re¬ 
sulting in an easily dissociated combination is followed by 
the gradual formation of a more stable combination. Bray and 
Dickman ( 7 ) assume that the former is characteristic of an 
exchange reaction, whereas the latter is characteristic of a 
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Figure 2. Effect of time of incubation on the average diffe¬ 
rence in amounts of phosphorus extracted between 10 tons and 
0 tons treatments of rock phosphate, by three different me¬ 
thods for all twenty soils. 
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chemosorption. According to Coleman ( 8 ), the rapid reac¬ 
tion involves the soluble sesquioxides, whereas the slow 
reaction involves iron and aluminum inside the clay mineral 
structure. 
Haseman et al ( 22 ) believe that the rapid reaction re¬ 
sults, either from a combination of phosphate with iron and 
aluminum held in the extremities of the lattices, or by ex¬ 
changeable attachment on both the clays and hydrated ses¬ 
quioxides. The slower reaction would result from the de¬ 
composition of clays by phosphate with subsequent precipita¬ 
tion of iron and aluminum phosphates. Both stages are be¬ 
lieved to be the same chemical reaction. Low and Black ( 26 ) 
hold similar views. In their opinion the rapid reaction cor¬ 
responds to the surface isomorphous substitution of silicon 
tetrahedra by phosphorus tetraheda. 
Ford ( 17 ) and other authors established the activity of 
sesquioxides, such as goethite and bauxite, as precipitating 
agents for phosphates. Free iron oxides are known to form 
coatings around soil particles, and various investigations 
have shown that the removal of free iron oxides resulted in 
a consistent decrease in the phosphorus fixation capacity. All 
such studies point out to the contribution of both free ses¬ 
quioxides and iron and aluminum layer silicates to the pre¬ 
cipitation of iron and aluminum phosphates corresponding to 
the rapid reaction. 
The maximum observed at four days In the present experiment, 
and shown in Figure 2, probably corresponds to the formation 
of relatively unstable iron and aluminum phosphates, extract- 
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able by all three solutions; the reaction is instantaneous 
with a soluble source of phosphorus; it would take longer, 
but less than four days, with rock phosphate. With an in¬ 
creasing time of contact, the slower reaction takes place. 
It results in the formation of more stable Fe and A1 phos¬ 
phates, hydrolyzed in the Na2C05 extraction. 
It is believed that the same compounds, Al(0H)2H2P04, and 
Fe(0H)2H2K>4, are found In both reactions; but the compounds 
formed in the rapid reaction are more readily dissociated on 
account of their accessible position on the surface of the 
soil particles. 
The increase in Fe end A1 phosphates is accompanied by a de 
crease in Truog phospnorus, in connection with a gradual disap 
pearanc© of rock phosphate. 
Effect of phosphorus fixation capacity and pf 
phosphorus saturation. 
The total phosphorus fixation capacity has no significant 
effect on the extent of the formation of soil phosphorus as 
tested by any of the three methods* decrease in Truog phos¬ 
phorus, or increase in phosphorus extracted by ammonium fluo¬ 
ride or sodium carbonate. If the methods give a reliable in¬ 
dication of the formation of soil phosphorus, then this for¬ 
mation is not related to the total fixation capacity. However, 
it is found to be highly significantly correlated with the de¬ 
gree of saturation of the phosphorus fixation capacity; the 
relation nolds true when the relative increases are considered, 
i.e. when the increases with time of Incubation are expressed 
-40- 
in percent of the amounts extracted from the non-incubated 
soils. For instance the correlation coefficients between 
relative increases after four days of incubation and degree 
of saturation are as follows: 
NH4F 
f 
- 0.629** 
- 0.522* 
- 0.470* 
Na2C03 
- 0.596** for the 10 tons treatment 
- 0.543* « « 2 w ** 
- 0.44b* " n 0.5 " w 
* Significant (5# level) 
** Highly significant (l% level) 
The smaller the degree of saturation, the greater the change 
in phosphorus status indicated by the two methods. No such 
significant correlations were observed with the Truog extrac¬ 
tions. ‘ 
In Figure 3 the soils have been divided into five groups of 
increasing percent saturation; for each group the average re¬ 
lative increase in phosphorus extracted has been plotted a- 
gainst the average percent saturation. The hyperbolic trend 
is apparent, for both sodium carbonate and ammonium fluoride 
extractions. Truog*s phosphorus shows an erratic trend in 
that respect, and consequently has not been plotted in Figure 3. 
The influence of the degree of saturation on the transforma¬ 
tion of added phosphorus into soil phosphorus has been reported 
in a number of publications. Hibbard ( 23 ) noticed that the 
larger the amount of phosphorus added, the less firmly it was 
held by the soil. Peech ( 37 ) reported a considerable downward 
movement of phosphorus into the subsoils of profiles showing a 
high degree of saturation in the topsoil. Demolon et al. ( 15 ) 
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Figure 3. Relative increase in amounts of phosphorus extrac¬ 
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tion of percent saturation, (calculated as average for each 
of the five groups of four soils). 
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obtalned hyperbolic curves when they plotted the concentra¬ 
tion of phosphorus in the soil solution, in function of the 
amounts of phosphorus added to suspensions of different soils; 
therefore the first additions are more readily retained by soils; 
the largest retention occurred when the phosphorus concentration 
of the soil solution was lowest before addition of any phosporus. 
It seems, that in soil of a very low degree of phosphorus 
saturation, the first addition of phospnorus will be combined 
more readily because a fraction of the iron and aluminum is 
more reactive on account of its position; it probably corres¬ 
ponds to the active iron and aluminum on the surface of the soil 
colloids, whether as coating, or as part of the surface lattice 
structure. When these easily accessible bonds have been occupi¬ 
ed the reaction will occur at a slower rate with the bonding 
sites at the interior of the lattice structure. Due to the films 
of precipitate thus formed, these inside positions are less ac¬ 
cessible; they may be already occupied by silicon, as postulated 
by Black ( 5 )• Both stages so postulated are believed by Hase- 
man et al. ( 22 ) to be the same chemical reaction. Wiklander 
( 52 ) supports this view. He showed that, in phosphated iron 
oxide, phospnorus occurs in two fractions; one, easily exchange¬ 
able, corresponds to the rapid reaction; the other, more stable, 
corresponds to the slow reaction. The same author believes that 
the slow reaction is induced by a concentration of the easily 
exchangeable form at the surface of iron and phosphate particles. 
The slow reaction determines the overall rate. At equilibrium 
it can be assumed that the total quantity of phosphorus reacted 
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will be proportional to the phosphorus fixation capacity. 
The mechanism thus postulated is that of a solid diffusion 
. 
towards equilibrium. 
. 
It is believed that a longer time of incubation, or the 
. 
use of a more soluble form of phosphorus, would have resulted 
in changes in phosphorus status directly related to the total 
phosphorus fixation capacity. 
(d) Effect of pH. 
The data indicate that the effect of pH is largely offset 
by the action of other more determining factors in tne pH 
range of the soils studied. This is evidenced in Table 6 
where the changes of phosphorus status, measured by the three 
extracting solutions for the highest rock phosphate treatment. 
* 
are shown to be inconsistent with the average pH of the soils. 
The trend is towards a greater change in phosphorus status with 
r > 
a lower pH. A twofold effect of pH should be expected in the 
transformation of rock phosphate into soil phosphate: 
, 
!• a direct hydrogen-ion effect results in a larger solubi¬ 
lization of the calcium phosphate. 
2. the "activity* of iron and aluminum is maximum in the 
pH range 2.5 - 3.5, as shown by Swenson et al ( 46 ). 
However, the buffering capacity for hydrogen rather than 
the actual hydrogen-ion concentration should be the determining 
factor in the solubilization of rock phosphate. The variations 
in activity1 of the trlvalent cations in respect to phosphate 
precipitation appear to be relatively small, as compared to 
the cation concentrations as determined by the method of Bass 
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Table 6 
Effect of pH range on phosphorus extracted from the original 
soils, and on the relative increase of phosphorus brought 
about by 27 weeks of incubation with 10" tons of rock phosphate. 
Average Average phosphorus ex- 
pH tracted from original 
soils 
mgm/lOO gms 
'• jjTTj nh4f Na2C 0^ h2so4 
4.25 5.68 22.62 1.97 
4.58 5.80 21.70 1.75 
5.25 10.95 32.40 3.35 
5.65 8.58 29.41 2.69 
Relative average increase 
in phosphorus from 0 to 27 
weeks for 10 tons treatment. 
NH4F Na2C0^ h2so4 
51.4 25.5 - 12.4 
98.5 49.1 
- 13.0 
26.2 14.7 - 8.6 
30.8 30.2 
- 4.1 
and Sieling, ( 3 ) for the pH range considered. 
Thus the predominant role, ascribed by many authors to pH 
in the transformation of rock phosphate in soils, is not evi¬ 
denced in the present study. 
In a preliminary incubation on a Merrimac fine sandy loam, 
samples taken from unlimed plots with a pH of 4.88, were com- 
>• 
pared to samples taken from limed plots with a pH of 6.39. The 
general trend, with time of incubation, indicated a decrease in 
phosphorus extracted by sodium carbonate and ammonium fluoride 
for the limed soil. However, in this case the hydrogen-ion ef¬ 
fect cannot be dissociated from the common calcium ion effect. 
From Table 6 it can be noticed that the amounts of phospho¬ 
rus extracted by the three methods are generally greater for 
untreated soils of higher pH. This fact is consistent with the 
general view that phosphorus availability is optimum in soils 
in the pH range of 6. 
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(d) Effect of other factors. 
The role of organic matter and the changes in organic phos¬ 
phorus status have not been investigated. However, the occu¬ 
rence of one third to one half of the soil phosphorus in the 
organic forms have been well established (ll). But the lack 
of an adequate method for the determination of this fraction 
impairs any comprehensive study of its transformation. 
For the twenty soils used in the incubation, a positive 
correlation exists between the absorption of light of the 
NapCC^ extracts and the phosphorus fixation capacity. If the co¬ 
lor of the extract is taken as a measure of the organic matter 
content of the soils,the relation indicates the dual role of the 
chelating agents released in the decomposition of organic matter: 
(l) the organic acids prevent phosphorus fixation as esta¬ 
blished by Swenson et al. ( AS ), but (2) the organic acids 
are active in the release of trivalent metals from primary 
minerals. Thus they contribute to an increase in the phospho¬ 
rus fixation capacity, if the chelates are subsequently mineral¬ 
ized by microbiological activity. Neller and Comar ( 35 ) 
have observed a positive relation between phosphorus fixation ca¬ 
pacity and organic matter content. 
However, organic acids seem to chelate trivalent metals more 
readily from phosphates than from primary mineral combinations. 
In a preliminary incubation a Merrimac fine sandy loam was 
treated with rock phosphate and disoditim ethylenediamine tetra¬ 
acetate, or sodium citrate at a rate of 25 millimoles per ICO 
grams. The addition of ethylenediamine tetraacetate resulted 
in consistent increases of phosphorus extracted by the three 
different methods; the increases were directly related to the 
time of incubation* In the case of citrate no definite trend 
was apparent, probably due to the high alkalinity of the sodium 
salt which introduced another factor* 
A comprehensive evaluation of the changes in organic phos¬ 
phorus status would be of great significance. 
Besides organic matter, the clay fraction is another source 
of variation* The action of cation exchange properties, in¬ 
dependently of the known hydrogen ion effect, was investigated 
in a preliminary experiment* Cation exchange resins were ad¬ 
justed in suspension to pH 7 with sodium hydroxide* Rock phos¬ 
phate shaken with the suspensions resulted in substantial re¬ 
leases of phosphorus. The same effect might be expected with 
clays in soils, although their cation exchange capacities are 
lower than those of the resins now available. 
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PART II. ACTION OF ETHYLENEDIAMINE TETRAACETATES ON 
RELEASE OF PHOSPHORUS FROM SOILS 
Considerable interest has been recently aroused on the 
powerful complexing ability of ethylenediamine tetra-acetic 
acid (EDTA) and its salts ( 29 )• The reactions of this com¬ 
pound with cations can be represented as follows in the case 
of a divalent metal; 
'0OCCH, 
'OOCCH 
\ / 
^NCHgCHgN 
CHgCOO' 
+ M 
CI^COO- 
"00CCHo 0H2CHo CH2C00' 
The complexing reaction is influenced by various conditions 
such as pH, temperature, kind and amount of electrolyte, and 
kind of solvent. 
The stability of the complex of a metal M is measured by the 
equilibrium constant of the reaction of chelation. 
-4 4- 2 v _ 2 
EDTA -f M M.EDTA 
The equilibrium constant or stability constant, determined 
under specified conditions, is: 
K = Ik.EDTA~ ] 
[M^DTA-*] 
The stability of the complex is conveniently expressed in 
terms of pK=;log K. The higher this value, the greater the 
stability of the complex. At 20° a in 0.1 N KC1 the pK values 
for calcium- and lron-EDTA complexes are respectively 10.59 and 
25. The pK value of the aluminum complex is slightly lower than 
that of the ferric iron complex. 
In tne case where the metal is combined as a salt MX, the 
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formation of the complex M - EDTA will be measured by the equi¬ 
librium constant Ks of the reaction: 
MX + EDTA-4 M - EDTA-2 + X-2 
Since Kg » Kg x Kgp (where Kg is the stability constant of the 
complex and Kgp the solubility product of the salt) the forma¬ 
tion of the complex of the cation of a slightly soluble salt 
will be predicted from the value of Kg x Ksp = Kg. If Ks is 
larger than unity the salt-splitting reaction will be complete. 
If Ks is less than unity, the smaller its value, the smaller 
will be the degree of solubilization of the salt. Thus the 
stability of such salts can be evaluated by measuring the extent 
of the chelation of the metal. However, it is well known that 
complex formation involving the solubilization of stable com¬ 
pounds often occurs at a slow rate, and the preceding considera¬ 
tions apply only to equilibrium conditions. 
Since the action of ammonium fluoride on soil phosphorus as 
used by Bray and Dickman ( 7 ) has been linked by Turner and 
Rice ( 49 ) to the formation of an aluminum fluoride complex, a 
comparison of this reagent with EDTA, which complexes both iron 
arid aluminum, was deemed desirable in the extraction of soil phos¬ 
phorus. The amounts of phosphorus extracted by Bray*s 0.03 N 
NH4.F in 0.25 N HC1, have been found, in various investigations, 
to be satisfactorily correlated with crop response. 
If the stability of soil phosphate is due to the active iron 
and aluminum content in acid soils ( 46 ), and to the active 
calcium content in calcareous soils ( 33 ), due to the forma¬ 
tion of Fe, A1 and/or Ca phosphates, then the stability of soil 
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phosphates can he tested against the stability of Fe, Al, or 
Ca EDTA-chelates. However, the stability constants of EDTA 
chelates vary with each of the cations; a correct estimation of 
the stability of soil phosphate can be obtained only if the 
conditions of the reactions such as pH, time concentrations, are 
empirically adjusted in such a manner that comparable stability 
constants are obtained for Fe, Al and Ca chelates, by a trial 
and error method. For practical purposes the stability of soil 
phosphorus compounds is best indicated in relative value by plant 
reponse, if other factors of plant growth are maintained at an 
optimum level; then the trial and error method can consist of 
a comparison of the results of EDTA extractions on different 
soils, in varying conditions of extraction, with plant response. 
Unpublished data obtained in this laboratory on the action of 
EDTA on fluoroapatite (rock phosphate), and on aged samples of 
strengite and variscite (iron and aluminum phosphates), show a 
gradual release of phosphorus, slower for iron and aluminum phos¬ 
phates. A more soluble source of phosphorus, such as tricalcium 
phosphate, shows a higher rate of release of phosphorus. From 
these data it might be predicted that the loose soil phosphorus 
combinations will be rapidly dissociated by chelation; then the 
more stable combinations will be progessively dissociated by 
a prolonged contact with the chelating solution. It can be pos¬ 
tulated that the rate of this progressive dissociation is a 
measure of the rate at which stable soil combinations release 
phosphorus into forms that are easily dissociated, and taken up 
by plant roots. Thus with a proper calibration, if the 
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postulations are correct, the extraction of soil phosphorus 
by EDTA might have a dual purpose: (l) the release of soil 
phosphorus easily available to plants; (2) the measurement of 
the rate of formation of this easily available form from more 
stable combinations. Such an extraction is a measure of the 
phosphorus supplying power of soils to plant life. 
The present study includes a comparison of EDTA and NH^F 
on the solubilization of soil phosphorus; the effect of such 
factors as pH, concentration, and time of contact, on the ac¬ 
tion of EDTA is then investigated; the presumed value of EDTA 
in the evaluation of the phosphorus supplying power of soils is 
tested by a correlation with plant response* 
A. Comparison of the action of ammonium fluoride and EDTA on the 
stability of iron and aluminum phosphates of an acid soil* 
Materials and methods. 
Both extracting reagents were used on a Hadley very fine sandy 
loam with a pH of 6.60 and a total phosphorus content of 0.225%. 
Ammonium fluoride was used at a concentration of 0.03 M in 
0.025 N HCl . The pH of this solution is 3*48. The same molar 
concentration of Na2EDTA (Versene, analytical reagent) used in 
the comparison has a pH of 4.8. The same salt adjusted to pH 
3*6 with HCl gave no significant difference, with the non-ad- 
justed salt, in the amount of phosphorus extracted from the soil. 
In respect to complex formation 0.03 M NH^F is 0.005 N for 
aluminum, and 0.03 M EDTA is 0.03 N. 
A constant soil: solution ratio of 1:20 was maintained with 
varying times of shaking. The suspensions were shaken for a 
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given time, then filtered through n° 1 Whatman filter paper, 
the turbid liquid coming through at the beginning being dis¬ 
carded. The filtrates were always colored, and in the case 
of EDTA the color increased with the time of extraction. 
The solubilized organic matter in the extracts was minera¬ 
lized by perchloric acid digestion, which also evaporated hy¬ 
drofluoric acid; aliquots were taken for the determination of 
phosphorus, iron and aluminum. Phosphorus was determined by 
the method of Sherman ( 42 ). Iron was separated from aluminum 
by precipitation with cupferron and dissolution in benzene-e- 
i 
ther mixture ( 40 ). Iron was determined by the orthophenanthro- 
line method ( 4o ), and aluminum by the aluminon procedure ( 40 ), 
after mineralization of the solutions by nitric and perchloric 
acids, and elimination of perchloric acid by boiling with sul¬ 
furic acid. The aluminon procedure was not found to give exact¬ 
ly reproducible results, with variations up to 1C$ between two 
series of determinations. 
. V v ;■ • v - "V 
Results and discussion- 
The quantities of phosphorus, iron and aluminum extracted at 
different times are recorded in Table 7 and plotted in Figures 4 
and 5. The semi-logarithmic scale is used figure 4 in order to 
plot the data in the same graph. 
The amount of iron released by NH4F is low as compared to the 
amount of aluminum, in agreement with the data of Turner and Rice 
( 49 ). With the exception of iron the trends of the elements re¬ 
leased by NH4F in function of time are somewhat erratic, and no 
adequate explanation of this fact can be offered; the decrease in 
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TABLE 7 
Release of ehosphorus iron ana aluminum, 
of shaking a Hadley very fine sandy loam. 
millimoles/100 prams ) , or ammonium fluon 
100 ?ms.). 
in fundtion of time 
with hag-^LTA ( 39 
de ( 30 millimoles/ 
Millimoles released by 
Time of 
shaking 
NagHOTA ammonium fluoride 
P He A1 P Fe *1 
40 see. 0.73 0.21 0.62 1.53 0.08 
3.36 
90 see. 0.80 0.19 0.66 1.60 3.95 
3.66 
5 min. 0.97 0.20 — 1.74 
— 
4.00 
15 min. 0.99 0.22 0.85 1.76 0.05 
4.16 
30 min. 1.25 0.21 1.17 1.74 
0.07 4.00 
1 hour 1.53 — 1.84 1.55 0.07 
3.87 
2 hours 2.10 0.60 2.38 1.50 — 
4.09 
7 hours 2.90 — 4.12 1.00 0.07 
4.44 
24 hours 3.80 1.90 5.69 0.93 
— 
4.93 
.4 days — 4.12 9.89 
— 
3.4 6 
1 week 4.50 — 12.60 0.37 0.08 
2.57 
2 weeks 5.80 17. 20 — — 0.06 
2.55 
3 weeks 5.80 7.36 — 0.31 
— 
4 werks 7.36 — 
— 
2.07 . 
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Figure 4. Release of phosphorus, iron and aluminum in function 
of time of shaking a Hadley very fine sandy loam with 0.03 M 
solution of HagSDTA, or ammonium fluoride. 
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Figure 5. Release of phosphorus, iron and aluminum in func¬ 
tion of time of shaking a Hadley very fine sandy loam with 
0.03 M solution of NagEDTA, or ammonium fluoride. 
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phosphorus might indicate that this element, released from its 
combination with aluminum, recombines with iron which has its 
maximum "activity” in the pH range of the extraction. In spite 
of the erratic trend the relation between phosphorus and aluminum 
in the extracts is obvious. 
The relation between phosphorus, Fe and A1 in the EDTA ex¬ 
tracts is striking. Figure 4 evidences the relation between 
amounts of phosphorus, iron and aluminum, in the EDTA extracts. 
Figure 5 shows a rapid initial release of all three elements, 
followed by a slower rate of release, expecially in the case of 
phosphorus. 
In a study of isotopic exchange of phosphorus between soil 
minerals and solution, McAuliffe et al. ( 32 ) and Wicklander 
( 52 ) found a similar trend for the rate of exchange and con¬ 
cluded that the reaction of phosphorus with the minerals occurs 
at two different rates; the rapid rate was believed to corres¬ 
pond to an easily exchangeable form of phosphorus. Wicklander 
believes that the slow rate corresponds to the gradual forma¬ 
tion of a more stable combination. Low and Black ( 26 ) si¬ 
milarly found two rates of release of phosphorus from kaollnite 
by Al complexlng agents; they also found that the fixation of 
phosphorus by kaollnite was paralleled by an equivalent release 
of silica; this exchange also occurred at two different rates. 
In the present experiment the ratio phosphorus: Fe + Al remained 
about constant up to 30 minutes, then decreased progressively. 
An Increasing quantity of dehydrated silica was noted during 
the perchloric oxidation, with the extracts corresponding to 
longer time of shaking; however, no quantitative measurement of 
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this trend was attempted. 
It will be noted from Table 7 that 30 millimoles of EDTA 
released 20 millimoles of iron plus aluminum; 30 millimoles 
ammonium fluoride extracted a maximum of about 5 millimoles 
of aluminum. Since 6 moles of fluoride are needed to complex 
1 mole of aluminum, both reagents appear to be equally effec¬ 
tive in releasing phosphorus from the soil. However, the ac¬ 
tion of fluoride is much more rapid and concerns only aluminum 
phosphates. A neutral solution of ammonium fluoride would react 
more slowly ( 7 )• With EDTA 80^ of the total phosphorus has 
been released after 2 weeks of shaking. 
After a long period of shaking the soils separated from the 
extracts show an ashy gray color characteristic of the B]_ ho¬ 
rizon of podzol. It seems that the leaching of iron and aluminum 
in podzolization is induced by their chelation by organic anions 
resulting from the decomposition of organic topsoil; such a 
mechanism of translocation of sesquioxides was first advocated 
by Morison and Sothers ( 34 ). 
B. Influence of different factors on the action of EDTA on 
soil phosphorus. 
(a) Time of shaking. 
The trend already noted for a Hadley very fine sandy loam 
was also apparent for two other acid soils studied: Merrimac 
fine sandy loam (pH 6.55), and Williams loam (Chestnut soil 
group of pH 6.35, probably acidified under cultivation). The 
curves of extraction of phosphorus, Fe and A1 in function of 
time, shown in Figure 6, are similar to those obtained for the 
Hadley soil and shown in figure 4« The release of the three 
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acid soils. 
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elements occurs at two different rates. 
In contrast with this general trend, the amounts of cal¬ 
cium are not influenced by time of extraction from 5 minutes 
to 2 hours. It seems that an equilibrium is reached promptly 
with soil calcium compounds, especially for calcium phosphates. 
/ . 
For alkaline soils Figure T shows no increase in phosphorus 
extracted with increase of time of extraction. The soils used 
in this series were: 
Cushman Silt Loam (Brown soil group)pH 7.89. 
Fames Loam (Chernozem) pH 7.88. 
Webster Silt Loam (Prairie) pH 7.63. 
However, a Cecil clay of pH 5.55 showed the same trend as these 
soils. 
For these soils equilibrium has been attained within 40 se¬ 
conds as indicated in Figure 8". There is even a slight decrease 
in phosphorus extracted for Cushman and Barnes soils, from 30 
minutes to 2 hours. 
However, Figure 8 indicates that no equilibrium is attained for 
these two soils when the concentration of the extracting solu¬ 
tion is increased to 0.1 and 0.3 M. Therefore it seems that the 
EDTA concentration rather than time of shaking was the determin- 
in factor in the release of phosphorus from calcium phosphates. 
(b) EDTA concentration. 
Using the same procedure as previously described the effect 
of concentration was studied on two acid soils: Hadley and Mer- 
rimac, and on two alkaline soils, Barnes and Cushman. Figure 9 
shows that the effect of EDTA concentration varies for each soil, 
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the Increase In phosphorus extracted being less marked with the 
two acid soils* In Figure 10,, it can be seen that a variation 
in the soils solution ratios does not affect significantly the 
trend of the curves of phosphorus extracted in function of EDTA 
concentration for the Merrimac soil; however, an increase of the 
time of shaking up to 15i hours results in a significant effect 
of EDTA concentration. This interaction between time of shak¬ 
ing and concentration of extractant would indicate that a third 
factor is limiting for the shorter times of shaking, probably 
the slowness of the action of chelating agents on slightly 
soluble phosphorus combinations. 
(°) PH of extracting solution. 
The stability constant of EDTA complexes is strongly influ¬ 
enced by pH. It can be expected that the effect of pH on re¬ 
lease of soil phosphorus will depend on the nature of the soil 
phosphorus compounds. Eight soils of varying pH and phosphorus 
availability, as measured by percentage yield and A value, 
(defined on page 65) were chosen from samples made available by 
the National Soil and Fertilizer Research Committee ( 44 ). These 
soils were extracted with the usual procedure, using disodium, 
trisodium and tetra-sodlum salts of EDTA; the respective pH of 
the extracting solutions are 4.8, 8.4 and 10.6. The results are 
reported in Table 8. 
There is a general increase in phosphorus extracted with in¬ 
creasing pH of the extractant from 4.8 to 10.6. This increase 
is not uniform, being relatively smaller for soils of low pH. 
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The effect of pH on phosphorus released is a complex one, 
depending on the other conditions of extraction. Using a time 
of contact of 15 hours, and 100 ml of solution for 100 mgms of 
material, Angelinl ( 2 ) found that the release of phosphorus 
from rock phosphate decreased with pH when the EDTA concentra¬ 
tion was less than 0.17mM; below this concentration the hydro¬ 
gen-ion effect appeared to be predominant in solubilizing phos¬ 
phorus; above this concentration the increase in phosphorus, 
solubilized with increase in pH, was consistent with the higher 
complexing power of EDTA for calcium at higher pH. 
Table 8 
Effect of pH of 0.03 M EDTA sodium salts solutions on phos¬ 
phorus extracted from soils of varying pH. 
ppm phosphorus extracted 
by EDTA salts 
Soil 
N° 
PH Nap 
pH 4.8 
Na-; 
pH 8.4 
Na* 
pH 10.6- 
percent 
yield 
A value 
9 4.9 1.25 2.50 15.50 29.4 60.6 
62 5*0 0.75 1.25 7.00 5.2 288.3 
44 5.5 o.6o 2.50 4.50 19.5 99.6 
4 5.6 2.10 2.75 10.25 86.5 173.0 
1 6.7 2.30 3.50 6.00 69.8 97.6 
70 6.7 1.60 2.50 3.50 70.8 125.0 
39 7.8 0.30 0.50 2.75 18.3 105.3 
57 7.8 6.40 5.00 5.25 78.8 99.3 
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At high pH the formation of Al-EDTA complex is hindered 
by the formation of aluminate ions, and the formation of Fe- 
EDTA is hindered by hydrolysis of the iron ( 4 ). Thus, in 
spite of the higher complexing ability of EDTA at high pH, 
there is a competition between complex formation and the forma¬ 
tion of iron and aluminum hydroxides and aluminate ions. Phos¬ 
phorus is dissociated from iron and aluminum phosphates in an 
alkaline medium, in the presence of the absence of complexing 
agents. In effect the maximum stability of iron and aluminum 
phosphates is in the pH range of 2.5 to 3*5 according to Swen¬ 
son et al. ( 46 ). The dissociation of calcium phosphates at 
high pH is limited. This is the reason for the relatively 
greater increase in phosphorus extracted for the more acid soils, 
as noted in Table 8; these soils have a greater fraction of phos¬ 
phorus associated with iron and aluminum. Thus a direct pH ef¬ 
fect, as well as the effect of pH on complex formation, in¬ 
fluence the stability of soil phosphorus by solutions of EDTA 
of different pH values. 
As a whole, variations in the conditions of extraction re¬ 
sult in variations in the solubilizing action of soil phos¬ 
phorus, depending on whether the soil is acid or alkaline. 
This variation in the solubilizing action can be traced to the 
dissociation by chelation of calcium phosphates in acid soils, 
and to the chelation of Al and Fe phosphates in acid soils. By 
modifying the conditions of extraction, an empirical calibration 
seems possible for correlation to plant response of phosphorus ex- 
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tract ed by EDTA. 
® • SQrrelatlon between the amounts of -phosphorus extracted by 
EDTA and plant response> 
Percent yield and nAw value are generally recognized as 
good estimations of the availability of soil ph.ospb.orus com¬ 
pounds to plants* The "A" value is defined by Fried and Dean 
( 18 ) by the relation A = B(l - y)/y, where B Is the amount 
of phosphorus added in the fertilizer, and y the proportion of 
phosphorus in the plant derived from the fertilizer, as deter¬ 
mined by radioactive tracer technique. 
Both percent yield and A value have been determined in field 
and greenhouse experiment for a wide variety of soils, in a co¬ 
operative study initiated by the National Soil and Fertilizer 
Research Committee ( 44 ). Samples from these soils have been 
used to test different methods devised to determine phosphorus 
availabilityf and are extremely valuable for this purpose* They 
were used in this laboratory in order to ascertain the use of 
EDTA as an extracting reagent, as compared to other reagents. 
The soil samples with percentage yield lower than 100 in 
greenhouse experiments were extracted with 0.03 M solutions of 
Na2«EDTA, and Naj EDTA, using a soil: solution ratio of 1:10, 
and a time of shaking of 30 minutes. The results are recorded 
in Table 9 along with the percent yields and A values. 
The correlation coefficients were calculated between these 
different values for all 43 soils, and also after dividing the 
soils into four pH groups: 5.4 or less; 5.5 to 6.1; 6.2 tp 6.9; 
and 7.0 or above. The different correlation coefficients are 
shown in Table 9. 
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Table 9 
Correlation between phosphorus extracted with Na2 and 
Na-^EDTA, and plant response for different pH groups. 
Nap.EDTA with Na^ EDTA with percent yield with 
PH 
range 
percent 
yield 
A 
value 
percent 
yield 
A 
value 
A value 
<5.4 0.283 <0 0.023 <0 <0 
5.5-6.1 0.485 0.359 0.273 0.171 0.807** 
6.2-6.9 0.823**0.457 0.605* 0.417 0.552* 
> 7.0 0.290 0.463 0.454 0.451 0.804** 
Total 0.376* 0.414** 0.244 
— 0.514 
* significant (5% level) 
** highly significant level) 
It is evident from data in Table 9 that, in the conditions of 
the extractions as performed here, no accurate prediction of 
plant response can be made on the basis of the values of phospho¬ 
rus extracted. A fairly good correlation is however obtained for 
soils of the pH group 6.2-6.9, especially with the disodium salt. 
The correlation coefficients with the A value show a consis- 
tant increase with an increase in the pH of the soils. No ex¬ 
planation of this trend is attempted. 
Percent yield and A value fail to agree very closely, which 
would confirm the observations of Strzemienski ( 47 ) concerning 
the occurrence in soils of an isotopic dilution of the radio¬ 
active phosphorus applied with the fertilizer. On this basis 
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it does not seem justifiable to use A values as standards in the 
©valuation of methods of determination of the phosphorus ferti¬ 
lity status of soils. 
If percent yields are taken as reference, it appears that in 
the present conditions of extraction the disodium salt gives 
better values than the trisodium salt. But, from the present 
data it is clear that EDTA extraction cannot be used as a means 
of determining the phosphorus supplying power of soils. A supple- 
men tary investigation would be needed before more definite con¬ 
clusions could be reached. 
It is reported by different soil testing laboratories ( 44 ) 
that extracting solutions devised by Bray ( 0.03 N. NH4F in 
0*025 N HC1, or in 0.1 N HOI) give phosphorus values closely 
related to both percent yield and A value, when tested on the 
same soils as those used in this work. With the weak acid so¬ 
lutions the following correlation coefficients are reported by 
three laboratories: 
Lab. A: 0.703** with percent yield 0.750** with "A" value 
Lab. B: O.592** " n n 0.768** " n 11 
Lab. C: O.779** * w » 0.644** " it 11 
The correlation coefficients of 0.514 between percent yield 
and A value of 43 soils, and 0.585 for all the 74 soils, are 
inconsistent with these data: if the correlation coefficients 
of the soil tests of the three laboratories, with either per¬ 
cent yield or A value, are of the same order of magnitude, 
then, the correlation coefficient between percent yield and 
A value must be higher than 0.514 or 0.585. 
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This discrepancy, as well as the discrepancy between the soil 
tests performed by different laboratories, cannot be accounted 
for with the information on hand. Thus no definite comparison 
between ammonium fluoride and EDTA is yet possible. 
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SUMMARY 
(A) The formation of soil phosphorus from applied rock phos¬ 
phate was studied in two series of experiments. 
(1) A preliminary incubation of different amounts of rock 
phosphate with a Merrimac fine sandy loam indicated a progressive 
transformation of rock phosphate into iron and aluminum phos¬ 
phates. Rock phosphate was tested with dilute sulfuric acid 
extraction. Iron and aluminum phosphates were tested with sodium 
carbonate and ammonium fluoride extractions. 
(2) In the second experiment a similar technique was used on 
twenty acid soils presenting a wide scale of pH values and phos¬ 
phorus fixation capacities; the latter are related to active 
sesquioxide content of the soils. No relation was found between 
the extent of the formation of iron and aluminum phosphates, and 
either pH or phosphorus fixation capacity. However, the forma- 
^ion of soil phosphorus was related to the degree of saturation 
of the phospnorus fixation capacity. This relation is interpret¬ 
ed as indicating the presence of a more reactive fraction of 
iron and aluminum, due to its position on the surface of soil 
colloids, or as coating on the colloids. 
(B) The nature and stability of soil phosphorus was studied by 
means of extraction of soils with ethylenediamine tetra-acetate 
solutions, which efficiently chelate di-and trivalent cations. 
(l) For all but one of the acid soils used, the amounts of 
pnospnorus, iron and aluminum, plotted against time of extraction, 
showed strikingly similar trends; this result supports the view 
that phosphorus is associated with iron and aluminum in acid soils. 
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The initial rapid rate of release of the three elements was 
followed by a more gradual solubilization. It is believed that 
the rapid rate corresponds to those elements present on the 
surface of the soil colloids or as coatings. It might also 
correspond to the presence of more easily dissociated compounds 
on account of their higher degree of hydration. 
(2) In contrast, the amounts of calcium extracted from acid 
soils, and the amounts of calcium and phosphorus extracted from 
alkaline soils, did not increase when the time of extraction 
was Increased. 
(3) The amount of phosphorus released was Influenced by the 
pH and the concentration of the extracting solution. An in¬ 
crease of pH from 4.8 to 10.6 resulted in a greater release of 
phosphorus; this effect is interpreted as a combination of a di¬ 
rect pH effect on the solubility of soil phosphorus, and of the 
influence of pH on complex formation. The effect of an increase 
in EDTA concentration was less marked on acid soils, for which 
time of shaking is a limiting factor. 
(4) Ho satisfactory correlation was found between plant res¬ 
ponse and the amounts of phosphorus extracted from various soils 
by ethylenediamine tetra-acetate solutions. Plant response was 
taken as that measured in cooperative field and greenhouse ex¬ 
periments conducted by different soil laboratories. 
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